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“THE DESIGN OF TOWERS, MASTS AND 
PYLONS. 


By D. BamBer, A.M.I.C.E., A.M.I.Mech.E. 


INTRODUCTION. 


Tower and mast design and construction represents a highly 
specialized branch of steelwork, and unlike many other branches, 
little data has been available for design work. 


Standard methods of design as used for other lattice structures 
tend to produce complex systems of calculation and tabulation 
when applicd to towers and more useful methods, as described in 
succeeding chapters, have been developed. Such systems allow 
of easy checking of the design stage by stage, and allow the stresses 
due to special loading conditions to be added later, or super-imposed 
upon the main design. 


Moreover, the precise loading on these structures has been 
difficult to assess and only recently have full scale tests been 
carried out on the smaller production type of tower, such as is 
used for power transmission, to determine the reaction to various 
loading systems. In fact, in most transmission line schemes, 
where a large number of suspension, anchor, and corner towers 
are required a full-scale test is usually specified for each type, the 
tower having to withstand prescribed loads corresponding to high 
wind and broken wire conditions multiplied by a safety. factor, 
without premature failure. 


Towers may generally be divided into two general types, free 
standing, and stayed or guyed masts. The latter are little favoured 
in some countries, as self-supporting towers may be built up to 
six or cight hundred feet high, economically, take up little ground 
space and require only small maintenance. The stayed mast, 
however, is cheaper in first cost and quickly produced and erected 
by comparison with the free standing type. 


The purpose for which the structure is to be used may have a 
considerable effect upon the general design and also upon the 
safety factors used. Very tall masts are used mainly for radio 
transmission, or for carrying power cables over an exceptionally 
long distance such as a river crossing. In the first case the attach- 
ments to the structure may be completely absent, particularly in 
the case of a stayed mast, or an aerial cable may be attached at 
ornearthetop. In the latter case it is evident that a line breakage 
will generally reduce the load on the structure, for instance, in. the 


case of a single aerial or several attached on one side. 
B 
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In the case of transmission towers, that is, those used for carrying 
electric power cables, the conditions are more complex, there being 
considerable vertical loading due to the weight of the cables, and 
where long spans have to be considered, a considerable unbalanced 
longitudinal load due to difference in length of adjacent spans. 
in these cases the breakage of any line will increase the load on 
the main structure as torsion loads now come into play, and the 
design of these types necessitates allowing for a considerable 
overload. 

Further considerations arise in the case of masts subject to 
dynamic loading, such as the mast of a ship, which is subject to 
frequent stress reversal. Such cases require a higher safety factor, 
and owing to the difficulty in assessing the precise loading, estab- 
lished practice provides certain rules which have proved satisfactory 
when using the traditional materials. In this case, for instance, 
with steel masts, a factor of five on the crippling load is often used, 
that is, the mast is designed to buckle at five times the vertical 
load imposed by the stays and structure weight. Factors for land 
based masts are differently assessed, and are dealt with under the 
heading of ‘‘Guyed Masts.” 

Other dynamic loading of unusual type such as earthquake 
shocks, or the formation of rythmic wind eddies around circular 
masts are the subject of much controversy. The stresses imposed 
are dependant upon the vibrational characteristics of the mast as 
regards mode and frequency, and the results on model tests or site 
observations are the only reliable guides in this respect. 

Steel is the most commonly used structural material, angle or 
tubular sections being adhered to throughout. If larger, or 
stronger sections are required, the large diameter steel tube may 
be used, or lattice girders may be made out of angle sections. 
Lattice box girders (square cross section) or plane lattice members 
are commonly used, the latter very often in tower faces where the 
are set with the strong axis normal to the face, and the weak axis 
in the plane of the face where adequate and economic bracing can 
be provided on to the main legs. 

Corrosion resistance is very important, and hot dip galvanising 
is invariably used in Britain, whilst on the Continent painting is 
usually the only protection used. Much depends on the purpose 
for which the structure is used, and whether maintenance is easy 
ornot. Transmission line towers must obviously be fully protected 
whilst the long narrow stayed mast can be more easily repainted. 

The above points are generally covered by a specification issued 
by the client or commissioning authority, and this comprises tables 
giving the loads imposed by the lines, so that the designer is not 
normally required to calculate these loads 

If a factor of safety is stated it may be given as a factor on the 
calculated crippling load on individual members, or, as is usual 
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with transmission line units, as a factor on the total load sustained 
before failure on a full scale test of a prototype. 


Free Standing Towers. 


A typical design is shown in Fig. 1. The tower is tapered in 
elevation and square at all sections on plan. This diagram shows 
the various types of bracing in general use. 


(1) Z bracing consisting of a single set of diagonals in each face. 
The bracing members in each panel meet at a common 
point on each leg. This means that adjacent faces are 
right and left hand when viewed externally. The bracing 
takes both tension and compression loads alternately. It 


(3) 


(4) 
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is important that the bracing members on adjacent faces 
meet at a point on any given leg. This is to prevent torsion 


loads in the structure from being transmitted to the main 
leg members. 


X bracing. Diagonal redundant bracing without horizon- 
tals and taking both tensile and compressive loads, cross 
braces being simultaneously and oppositely loaded. Any 
face becomes a redundant frame and is designed as such. 


Cross bracing with secondary members (shown dotted). 
These secondary members are only to stiffen the main legs 
and play no part in taking the shear or torsion loads. 


K bracing. Opposite braces loaded tension and com- 
pression restrictively. If the load is to the right the 
right-hand member is compressive, but this condition may 
be reversed in wide base towers. Secondary bracing is 
also used here, but it does not stiffen the K brace itself. 
This may be done by bracing the “hip.” The hip is the 
frame formed by adjacent braces in adjacent sides, and the 
hip may be diagonally braced as shown in Fig. 2. In 
small towers, however, single cross members may be used 
but these should not be placed at the centre of the hip 
framing but towards the top and bottom of the frame 
where they will exert the maximum effect, acting as open 
frame members, to prevent buckling of the main K brace 
members. The single cross members should have adequate 
end fixity, that is, two bolt connections as far as possible, 
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or a joint capable of resisting a moment of the order of 

three per cent. of the main brace load times the distance 
between the cross members. 

If the hip is so large or heavily loaded that this simple form of 

stiffener is not adequate, full hip bracing is generally resorted to. 


(Fig. 2 (8) ). 


Uses of Bracing. 


Z or X bracing is used where the face width of the structure 
is such as to allow economic bracing sizes. 

K bracing is used in the lower sections, or where the width is 
too great for the simpler type. The reason for this is that the K 
brace can easily ‘be supported intermediately against buckling in 
all directions by means of suitable secondary and hip bracing. 


Loads on. Tower Structures. 
Loads may be divided into the following categories :— 


(1) Verticle Dead and Live Loads. 
These include cable weights including weight of ice on 
conductors (where applicable). 


(2) Wind Loads on Cables and Conductors. 
Where necessary the cable diameter should be increased 
by (usually) 1 in. to allow for effect of ice, except, of 
course, on very steep cables such as stay wires. 


(3) Loads Due to Unbalanced Cable Tensions. 

These occur on transmission towers where there is a change 
in the direction of the line (transverse load) or where 
adjacent spans are of different length (longitudinal 
load), also on radio-masts due to the attachment of 
aerials, or on the stays of guyed masts under wind 
conditions. 


(4) Loading Due to Exceptional Conditions. 
This includes broken wire, cable or stay conditions (ie., 
emergency conditions). 


(5) Self Weight and Wind Loads. . 

It is important to realise, at the outset of a design, the 
relative importance of this load, as in some cases such 
as heavily loaded small towers, it has little effect, whilst 
in the case of tall towers it may represent the whole of 
the load on the structure, necessitating careful pre- 
liminary analysis and one or more trial designs before 
the magnitude of the load can be assessed. 

c 
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Load Facters and Factors of Safety. 


The factor of safety which is to be used will generally be specified 
by the client or authority involved, and is normally two on the 
crippling load of the strut members, such crippling load being 
determined by formulae which are also generally specified or 
approved. Typical formulae are given in Appendix 4. 

Different factors may be specified for different loading con- 
ditions, for instance, all normal maximum loads may be required 
to have a factor of 2-5, whereas emergency loads only 1-5 is required. 

In such a case it is evidently easier to multiply up all loads at 
the outset, or, if separate stress diagrams are used for the two 
conditions, as is generally the case, the factors can be brought in 
before tabulation of the loads. The crippling load in a member 
should then be equal to the total maximum load in that member 
determined as above. 


Where there are no multiple loading conditions, the design 
can be carried out in the normal way by dividing the crippling load 
by the factor of safety being used. 

It is to be noted that in either of the above methods care is 
required in selecting the wind load applicable to each case. (See 
Table 1, Appendix 5). 

In particular cases, such as the stays of guyed masts, a much 
higher factor may be specified. 

Factors as high as 6 on the normal loading may be used in such 
cases. 


Wind Loads. 


The wind loading used as a basis of design depends on the 
geographical area, conditions always being those of maximum 
exposure. Careful analysis of local conditions should therefore 
be made to ascertain the wind velocities likely to be encountered. 
Allowance must then be made for gusts which may produce loadings 
2} times those produced by a steady wind of the same velocity. 

Various formulas take account of this extra loading and for 
“structures of low height B.S.S. 449, 1948, may be referred to. (Ref. 3). 

The use of the wind formula given therein may be summarised 
as follows :— 


1. Reference is made to tabulated wind loads per square foot 
of exposed surface. 


2. Calculate the projected area of the exposed structural 
members (that is, the total area projected on to a plane 
at right angles to the wind direction). The worst case is 
usually with the wind blowing parallel to a diagonal of the 
tower. 
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3. 25% extra stress is allowed over the normal safe working 
stress in any part of the structure. However, the stresses 
occurring under windless conditions must not exceed the 
safe working stresses. 

The above formula, although suitable for structures of high 
solidity, does not give practical results for high towers of lattice 
construction. 

Tests were carried out prior to 1935 to determine the precise 
loading likely to be encountered by lattice masts and towers due 
to wind effects. (Ref. 2). 

The results may be summarised as follows :— 


(1) Wind pressure proportional to V? only and not affected 
by height of structure. 

(2) Basic wind pressure P = 0-0042V? where P is in lb. per 
sq. ft. and V is in miles per hour. 

(3) This load is taken on the projected area of the exposed 
face only and a multiplying factor of 1-5 to 1:8 is used to 
allow for the other faces. The factor depends upon the 
plan shape and solidity of the tower. 

(4) Wind drag on side faces negligible. 

(5) A 124% increase of load is allowed for a yawing wind. 

When designing tall towers the wind velocity is taken as in- 

creasing steadily in value from ground level to the top of the tower. 
The structure may then be divided into sections at each of which 
the appropriate wind velocity at that height gives a resultant wind 
load on that section, which is then used for design. 


Wind load on circular sections is less than on flat or angle 
sections and a factor of 0-6 may be used (0-7 where a group of circular 
sections occurs). As a guide Table I gives the wind loading at. 
various heights for tall towers. (See Appendix 5). 


Example. 


Cable of transmission tower span 500 ft 
Dia. 0-75 in. 52 m.p.h. wind. 
Allow } in. radial ice thickness = 1-75 in dia. 
Wind load = 0-0042V2 = 11-4 Ib./sq. ft. 
Total wind force 
11-4 x 1-75 
= i ge x 0-6 x 500 
= 450 Ib. 
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Towers with Heavy Vertical Loads. 3 


Very heavily loaded units may be considered generally to come 
under the category of building structures. Water towers are good 
examples of this type, and the plan may conform to the shape of 
the tank being supported. 


Polygonal forms, octagonal or hexagonal are used for circular 
tanks as shown in Fig. 3, tabular vertical members, with horizontal 
bracing and cross cable bracing taking tension loads only. 


At each panel point internal bracing is used to stiffen the legs 
in a transverse direction. 


The tank itself, of welded plate construction, rests upon radial 
beams transmitting the load evenly to the main supports. 


These radial beams each carry a proportion of the tank load 
representing a sector of the circular tank and the design is easily 
carried out by considering a radial and its opposite as a beam 
spanning across opposite supports and with a double cantilever, 
each pair of such radials taking a ‘‘double wedge” load, maximum 
at the outer ends and becoming zero in the centre. 


The shear due to wind loads may be considered (in the case 
of a polygonal plan form) as being taken on each face in proportion 
to its shear resistance. 

If shear resistance is denoted by P, 

then P is proportional to cos @ 


where @ is the angle made by the face (on plan) with the wind 
direction. 


As an example consider the structure of the water tower shown 
in Fig. 3. Overall diameter of tank 40 ft. Eight supporting 
columns of base circle of 27 ft. Tank capacity 15,000 cu. ft., 
15 ft. high and 76 ft. from ground. Weight of tank plus contents 
420 tons. 

Basic wind pressure 28 Ib./sq. ft. on tank. 


Wind load on tank = 40x 15x28x06 Ib. 
= 4-50 tons. 


420 
Vertical load on each col. = a = 52-5 tons. 


The wind load on the structure is taken as 4-25 tons (estimated 
value based on 19 Ib./sq. ft. basic wind pressure on structure) 


Moment of wind loads about base 
= 4-50 x81+4-25x38 = 526 tons ft. 


Denote by I the moment of inertia of the supporting columns 
(plan section) about XX or YY. 
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I = 3 (polar moment of inertia) 
= $x8x13-5% = 728 units 
(assuming each col. = 1 sq. ft. area). 
M I YM 134 x 526 
se Se pcg: I ge AOE NE 
f Y I 728 
9-75 tons is therefore the column load due to wind overturning 
moment. As this is less than 25% of the vertical column loads 
the latter is used for design purposes. If it comes to more than 
25% the total direct plus wind load on the column is used for 
design of the column, and the design stress may then be increased 
by 4 (B.S.S. 449). Try 10” dia. tube. 


= 9-75 tons/sq. ft. 


13 x 12 
L f 1 = = ° x 
/y of column 3-70 42-85 
Safe stress = 6-7 tons/sq. in. (from tables) 
52:5 
Area required = 67. 7 7°85 sq. in. 


= 10” dia. x 0.25 in. 
The total shear load is 975 tons, and the shear distribution on 
each of the eight faces is proportional to 
| 1: 1/V2:0: 1/-/2 on both windward and leeward sides, 
giving a total shear resistance of 


1+1 +4 4/V2 = 4-83. 


9. 
Shear load per face = 2 tons = 2-02 tons. 


Towers of Considerable Height. 


The design is carried out in exactly the same way as for smaller 
towers, the wind effect, however, being much greater in proportion 
to wire or aerial loads. 

The work involved is therefore much greater as a careful pre- 
liminary design must be made to determine the sizes of members 
and the wind load. 

The final design is then embarked upon and when the final wind 
load is arrived at the necessary adjustments may be made in the 
original calculations or stress diagrams. 

The bracing and leg members will be much larger than in shorter 
towers, and consequently compound lattice members will have 
to be resorted to especially in the lower part of the tower where 
the width may be considerable. 

The usual form is triangular or square latticed members for the 
main legs, and plane lattices for bracing, the lattice being placed 
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horizontally and needing, therefore, little internal bracing, but 
some considerable secondary bracing to support it in its weak 
direction in the plane of the side face. 


Resistance of Lattice Structures to Earthquake Shocks. 


This may be an important consideration in certain areas, and 
it may be dealt with by adjusting the base width so that none of 
the modes of natural vibration of the tower responds exactly to 
the normal range of frequency of earthquake shocks. Perhaps 
the most dangerous mode of vibration is with a stationary mode 
near the top of the tower, and the only method of finding the 
response of a large tower is by testing a large scale model. 

The shock may be considered to travel up the structure in the 
form of a wave which is reflected from the top, forming stationary 
waves in the whole structure. 

If the length of the wave in the structure is denoted by L, then 
the distance between stationary modes or points of zero vibration 
is L/2. The critical heights of structure are then L/2 or 3L/4 or 
5L/4, etc., for a square mast and corresponding to the main modes 
of vibration. 

The length of the wave in the tower is given by the formula. 


velocity of propagation : ; 
L = yee ©6and the velocity of t 
wiration frequency and the velocity of propagation 


/ ie 
in the structure is proportional to V ee the interia is 


the weight of a small section and the elasticity may be considered 
as the load divided by the incremental deflection* caused by it in 
that section. 

When scale model testing is carried out the applied frequency 
is increased to account for scale. 


For example with a 1/20 scale model, if the aoe 
deflection 


relation be denoted by K,, for the model and K for the full scale 
tower and the weights as W, and W. Then applied frequency 
for the model would have to be 
Normal earthquake frequency x 20 x s/ Wore 
Transmission Line Towers. 
These may be divided into types as follows :— 
(1) Suspension tower (hanging lines only). 


* Incremental Deflection means shear deflection per unit height. 
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(2) Angle tower (sustains side pull due to change of angle 
of line). 


(3) Anchor towers (at the end of a line). 


and sub-divided according to the type of line and arrangement ot 
cable anchorages. 


(2) Single circuit towers (three lines and earth line); top and 
bottom lines on left-hand extended arm; mid line on 
right-hand arm. 


(6) Single circuit bifurcated towers (lines arranged horizontally 
on long arm). (Example of design given later). 


(c) Double circuit towers carrying six lines and earth line. 
Three full cross-arms (design example given later). 


Loading. 


Apart from wind and dead loads already dealt with, we have 
in the case of transmission line towers, the line loads which produce 
a load on each suspension point acting outwards at an angle to 
the tower since the load is the resultant of the weight of the line 
and the wind load on it. If the line is attached to the side face 
(say an aerial), wind load produces torsion on the tower which 
stresses the bracing in all faces, whilst the weight produces an 
eccentric load (vertical) which stresses the main legs but not the 
bracing, unless the tower is tapered, when it affects the side bracing 
slightly. 

It is to be noted, however, that where the line is supported from 
an extended arm as in the case of transmission towers in general, 
torsion is not produced by wind load or weight, but by direct pull 
only as in the case where a line breaks. 

As will be seen in the graphical examples, the best way of 
dealing with this complex loading is based on the fact that any line 
attachment gives rise to an inclined load on the tower (the resultant 
of the vertical and horizontal loads) and possibly a torsion load. 

The inclined load is easily brought into the stress diagram on 
the faces parallel to its own plane, whilst the torsion load is added 
to the stress diagram of each face in turn. 


Load and Safety Factors. 


If, as is common, there is a different factor tor the torsion loads 
as distinct from the other loads, they must be factored first and 
then all loads may be incorporated on the same stress diagram. 
In this respect it is often easier to design on ultimate breaking loads, 
that is safe loads multiplied by the appropriate load factor. (See 
Appendices 2 and 3). 


DESIGN OF TOWERS, MASTS AND PYLONS 15 
Detail Design by Calculation. 


Method of Sections. 


Suppose the side wind loads are applied (Fig. 1) at the panel 
points (7.e., the distributed wind load is reduced to panel point 
loads). Imagine the tower cut at XX. The section above is in 
equilibrium from the side forces applied externally and the structural 
members (two legs and two braces) below XX and cut by it. 

To determine the loads in the K braces take the sum of the 
moments of the external loads about XB and divide this sum by 
the total lever arms of the brace members about XB. 

(The lever arm is the distance from XB to the line of the brace 
produced and normal to this line). 

To find the leg loads on the line XX take external moments 
about XA and divide by the sum of the distances from XA to the 
main legs and normal to them. 

The results are the brace and leg loads respectively and the 
opposite leg or brace carries the same load of opposite sign. 
(Vertical loads are ignored at this stage). 

A similar method is used for single bracing members and the 
type of loading (T or C) may be determined from the direction of 
the main external loads. For any given loading system the load 
in the brace is always considered compressive if the loads can be 
reversed. 

It may be easily seen from the above that any brace load is 
zero if the main leg members at that level converge to a point, 
which coincides with the centroid of the transverse loads above it. 
In practice this cannot occur because of the variable nature of 
some of the loads, and the effect of the vertical ones, but it gives 
a good guide to the most efficient shape for a given design, and is 
therefore a useful principle in preliminary design work. 


Eccentric Vertical Loads. 


The tower of Fig. 4 is eccentrically loaded due to the staggered 
support arms. Basing calculations on the principles of the last 
section, take moments about XA to obtain the moments of all loads 
above section YY. Again all loads below this section are ignored 

Moments of horizontal forces 

= 1x70+1x60+1x50+4x40 = 200 tons/ft. 
Moments of vertical forces 
= +2x1l0-2x10-2x10 = -20 tons/ft. 
Total = 200-20 = 180 tons/ft. 
Produce ca and take normal distance to this line from YA 
= 53 ft. 
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180 1 1 
B load = — ‘ 
race loa 53 x 9 x 0-85 tons. 


2 


Note the division in all by four as there are two side faces and 
two bracing members cutting the section YY. 


If there were only one full diagonal brace cutting YY, the 
division would be by two, ¢.g., for a single brace at YY the lever 


arm is 67 ft., so brace load (Z brace) = = 


I 
> = 1:34 tons. 
x 9 ons 


y seen by con- 
tnal loads about 


That ab is compressive and ac tension is easil 
sidering the direction of the moment of the exte 
YA (anti-clockwise). - 


0 + md 
| | 


—_ 
od 


5 10° -+-10 


Fig. 4 
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Similar sections may be taken in each panel and all brace loads 
found. When YY is in the lower section of the tower take moments 
about YB. 

By using a sign convention for the moments (+) for anticlock- 
wise (—) for clockwise, for instance, confusion is avoided (as in 
the case of moments about YB both signs exist). 


Leg Loads. 


Take moments about a4 
1x10+1x20+1x30 = 60 horizontal. 
2x10+2x10-2x10 = 20 vertical. 

Total 80 tons/ft. 
Lever arm of leg load about a = 4 ft. 


1 


Leg load = al Ke = § tons. 


a 
4 2 2 
To this is added the vertical load distributed over the four legs, 
t.e.,, 3x2x} = 1 tons. 
Leg loads—right +5+14 = +6$ tons. 
left -5+14 = -—3} tons. 
In the case of one single brace, take moments about the inter- 
section of the brace with the main leg above YY. The moment 
is 80 tons/ft. as before. 


= 5 tons. 


80 1 
Lever arm = 8 ft. Leg load = 3% 2 


Torsion Loads. 


As already explained, any load acting longitudinally on one 
face produces torsion in the structure. Torsion is also caused by 
unbalanced forces acting parallel to the line on the cross arm ends 
of a transmission tower. 

Consider an example of the latter load as shown in the plan 
view of a cross arm, Fig. 4 (a). 

To analyse the loads in the members of the cross-arm and the 
tower itself, we may proceed as follows :— 

Replace the 1 ton offset load with a central horizontal load P 
combined with a clockwise moment Px. The load P is equal to 
1 ton, and is resisted by the side faces only. _ 

The effect of the moment Px has now to be considered. If 
this is equally distributed among the four faces, the force on each 


Px Px . : 
reer 12 or Ob where 6 is the breadth or pen length of one 


face at the point of application of the load. 
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In arriving at this result two assumptions are made :— 
(1) The tower is square on plan. 
(2) The section remains square after torsional deflection. 


Condition (2) means that the tower must be rigidly cross braced 
at all points of application of a torsion load and at points on 
elevation where an abrupt change of profile takes place. 

Subject to these conditions the faces may be stressed by graphical 
or other means for loads applied in the above manner as follows :— 


Px 
Front face —— 


26 
' Px P 
Side face Ob + 9 


where P is the load and x the distance of its line of action from the 
centre. 


—— 
_ 


P 
Fig. 4 (a). 


Rectangular Plan Form—(Fig. 5). 


The second condition is still assumed to hold in this case, net 
is, that cross bracing maintains the plan form rectangular. ‘ y 
drawing out the plan form in an arbitrary deflected posi ib, 
Fig 5, it is evident that the greatest deflection takes place on 1e 
shorter side and that the deflection in the direction of one face is 
inversely proportional to its breadth. 


DESIGN OF TOWERS, MASTS AND PYLONS 19 


The deflection referred to is, of course, the shear deflection of 
the face which in a lattice braced structure is proportional to the 
load causing it, irrespective of the breadth. Consequently, since 
the deflection is inversely proportional to the face width, so must 
be the load, and the torsion may therefore be considered as dis- 
tributed among the faces in inverse production to } and d. 


Referring to Fig. 5. 
Let torsion = Px as before. 
Faces of breadth 6 and d. 


Denote by Ta the torsion resistance of face d, that is the load 
in that face, and by T;, the load in face b. 


b 
But Tag = Tp 7 
b d Px 
and (Ta x + ty KS) =e 
b2 ad Px 
sO oe + Tic) = a 
b2 +d? 
Tp <a = Px 
d 
te BF eae 
Ta 
b2 +d? 
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As in the previous case the value P/2 is added to each of the side 
faces and calculate the front and side faces for horizontal co-planar 
loads of the above value. 


Example. 


The section X —X in Fig. 6 is to be calculated for leg and brace 
loads as a result of the vertical and horizontal loads shown plus 
a torsional load introduced by a broken wire on the end of the top 
cross-arm of 1 ton. ll loads are given in tons. 


é 
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(1) Brace Loads. 
(2) Transverse and eccentric loads front face. Anticlock- 
wise moments about meeting point of legs. 
} (35+48 +61) +2x20-2x20-14 x20 = 42 tons/ft. 
42 
Brace load = ae 0-46 tons. 
_ = 0°23 tons per face. 
(6) Torsion side face direct load. 
1x35 = 20x45. 
Q 0°39 tons. 
0-195 tons per face. 
(c) Torsion equivalent load on each face. 


a eas (width of face at this level =4 ft.) 
2b 2x4 
= 2-5 tons. 
25x35 = 20x45. 
Q = 0-96 tons. 


l] 


0°48 tons per face. 


(2) Right-hand Leg Load. 


Taking moments about intersection of braces. 
—4 (48435 +22) -— 20 (1$+2) + 20x2 = — §82°5 tons/ft. 
Leg load = =“ = 13-75 tons. 
Per leg = 6°88 tons. 


In addition to this load which is tension one side and compression 
the other, there are the vertical loads totalling 5-5 tons or 


1°38 tons per leg. 


and the side face torsion load = 8 tons 


= 4 tons per leg. 
The loads may be tabulated as follows :— 


Brace | Front Face Torsion Side Face | Total | Max. 


rr 
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i 
| Leg From Vert. Lds. | From Hor. Lds. T. Cc. Tors. | Max. T. | Max. C. 
i a 
| xX 1-38 5-50 | 8-26 | 4-00 9-50 | 12-26 | 
Ye as AN eB a a ee hg I 


Col. (3—2) (3+2) (4+6)  (5+6) 


The last column is the design load, the seventh column in Table 2 
being used only for leg joint design if there are bolts in tension. 
It is to be noted that when calculating the leg load due to torsion 


P: 
the quantity ae (torsion load on each face) is not considered, 


but the equivalent load acting at the centre of the tower only is 
taken. This is because in a square section, the torsion load only 
effects the bracing, the leg loads cancelling out. In a rectangular 
section, however, the effect of the torsion distribution (which is 
unequal) must be considered, and in this case work out the leg load 
due to this torsion on the wide face and the narrow face and take 
the difference. 

When using graphical methods the tables are made up from 
the loads scaled from the stress diagram, but in this case the leg 
loads T and C are scaled direct and only the last five columns 
appear in the second table. (See Appendices 2 and 3). 


Internal Cross Bracing. 

By analysing the loads in a single cross brace such as one of the 
pair shown in Fig. 5, it may be seen that the load W in the internal 
member due to a load P acting horizontally distance x from the 
centre is given by :— 


ie tec 62 +d? 
art ak 2b 


If the section is square b = d, and W becomes = P (x —8). 
If the bracing is double (crossing in the centre) one half of the 
value of W may be taken for each. 


Example. 
1 ton at 15 ft. 4x4 ft. tower section. 
Load = P(x-8) = 1 (15-4) = 11. 
Load per brace = 5°6 tons. 
If the section is 4’ x6’ 
15 x6 16 +36 
Load = 1 x 4 - 1 8 
= 16. 
Load/brace = 8 tans. 


DESIGN OF TOWERS, MASTS AND PYLONS 23 


Practical Design Consideration. 


It may be found difficult to decide upon the exact profile of 
the main legs and the best bracing arrangement to use. As 
described previously, having produced a preliminary design and 
calculated the loading, the main leg lines should meet (when 
produced) at the centroid of the loads above it. However, a 
compromise is usually adopted, as base widths are sometimes 
limited in size, and also, near the top of the tower the principle 
cannot be applied as the legs are parallel, or nearly so. At this 
level the width generally to be adopted is that giving smallest 
number of brace members consistent with reasonable member size. 
Stress reversal, that is, a member normally to be expected in 
tension is found to be in compression, may occur in wide base 
towers, and is a sign that the base width may be effectively reduced. 
(See Fig. 15). 


Strut Members. 


Complete end fixity such as may be considered to occur in 
building design does not occur with the bracing members of towers. 
This end fixing depends just as much upon the torsional resistance 
of the leg members and the fixity produced by the attachments 
on adjacent faces as upon the end connections of the brace itself. 
In small towers, therefore, single bolt connections are the rule 
rather than the exception, and tubular or box members used for 
the main legs (or box lattice sections on high towers) increase the 
efficiency of the bracing members as well as allowing greater 
unsupported leg lengths. 


Example of Compound Strut. 


A strut consists of two steel members of 2 sq. ins. cross sectional 
area (a) radius of gyration (g) = 1:25”, set 9” apart and suitably 
braced. The length is 25 ft. and the strut is supported by two 
equidistant secondaries normal to its plane. Calculate the 
maximum load assuming a Q factor of 0-85. 


Weak Axis. 
1 = 25/3 x 0-85 = 7-09 ft. (85 in.) 
g = 1:25in. lU/g = 68. 


Safe stress by Johnson’s formula (mild steel) 
= 15/2 (0-737) = 5-52 tons/sq. in. 
Safe load = 5:52x2x2 = 22°08 tons. 
Strong Axis. 
L = 25x0-85 = 21-25 ft. (256 ins.) 


I 2x2 x (4h)? + 2x1:25?xZ = 87-24 in.4 
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_ I _ ./ 87-24 = . 
g = Vie z = 4-67 in. 


ig = 55. Safe stress = 6-0 tons/sq. in. 
Safe load = 24 tons. 


All members in side faces take both tension and compression 
as loads are generally assumed to be reversible (as will be seen later 
this does not necessarily apply to redundant bracing). In this 
case, of course, the tension and compression are equal and the 
member is designed as a strut, the member being checked to ensure 
ea the tensile load can be carried in the area around the connecting 

olt. 


If the structure carries a load such as an aerial, on one side, the 
above does not apply to the stresses arising from this load. This 
part of the design work must therefore be kept separate and a 
careful check kept on whether the load produced in a member is 
tension or compression. In most cases where the loads are rever- 
sible, such as in the case of a transmission line tower or free standing 
tower, the members are designed for the maximum total load and 
is taken to be compressive. 


For the structural analysis of a face, whether front or side, that 
face is considered to be plane and is treated as a plane frame even 
if one or more changes of profile take place. The only loads not 
appearing in this analysis and which have to be considered in the 
actual structure are the internal cross brace loads. Cross bracing 
is usually incorporated at each cross-arm level and often at any 
change of profile as well. 


Fig. 7 shows some general forms of internal cross bracing in 
common use. 


As previously noted the cross bracing maintains the rectangular 
form of the tower under torsion loads, which are distributed by 
this bracing among the faces in inverse proportion to their widths. 

If, however, the section of the tower changes, for instance from 
rectangular to square, the distribution will also change, but only 
if cross bracing is introduced and only at the points where it occurs. 
If the cross section is changing in shape, therefore, the torsion must 
be recalculated at each cross bracing point. (See Appendix 1). 

Each face is analysed completely by either the method of 
sections or graphically (see Appendix 2), and it is generally con- 
venient not to separate wind and dead loads but to take the re- 
sultant of these at each load point. (This should be clear from the 
stress diagrams given—Appendix 2). 

If, however, a load has a different effect on the structure from 
the others, it must be dealt with separately and a complete analysis 
made or a stress diagram drawn. 
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As a simple example consider a square lattice tower with a - 
single cross-arm carrying two overhead lines, one each side, and 
freely suspended. 

The maximum normal load on this T shaped tower would be 
a load on each end of the T inclined downwards and to the right. 
A single stress diagram will give the member loads in the front 
(and rear) face. Due, however, to a broken line on one side there 
is a possibility of a torsion load affecting the bracing of all faces 
and a longitudinal load on the side faces. 


There are therefore three separate stages in design of this unit : 
(1) Front face vertical and side wind loads combined. 


(2) All faces (bracing only) torsion load (take equivalent 
load on each face). 


(3) Side face. Longitudinal load due to one half of the 
torsion load on each side face. 


If the tower is tapered on elevation instead of being of constant 
width, exactly the same procedure is followed. It may be thought 
that in this case it is not correct to take equivalent loads on each 
face for the torsion load owing to the greater torsion resistance of 
the structure at the base. It is not, however, necessary to consider 
this at all, if the methods previously described are used for analysis. 
For instance, if the stress diagram is drawn in the normal way for 
the equivalent face load at the level at which torsion is applied ; 
the brace load scaled from this diagram at any point (say the base) 
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is equal to the load obtained by calculating the torsion resistance 
at that point. (A proof of this is given in Appendix 1). 

_The face is considered as being plane from top to bottom. 
With normally tapered structures it is not necessary to make any 
further allowance for the angularity of the legs after completing 
the stress diagram, the horizontal loads occurring at a profile 
change point already being incorporated in the diagram. If, 
however, the angularity of the main legs becomes very great the 


main leg loads only should be multiplied by 


where @ is 
cos @ 


the angle made with the vertical. The horizontal cross brace at the 
change point also takes an additional load equal to leg load x tan 6. 


Redundant Members. 


If a stress diagram can be drawn for any lattice frame, there 
are no redundancies and it is said to be statically determinate, that 
is, the member loads may be determined from the external con- 
ditions. Statically indeterminate structures cannot be so analysed 
and may have either more external supports than are required for 
stability (a condition hardly ever occurring with towers) or more 
internal members. It may be wondered why these extra struts 
or ties are put in at all; they do, however, provide extra support 
for legs, and take their share of the load. As an example Fig. 1 
shows redundant bracing at 2 and 3 but not 1 and 4. Figs. 19, 
21 have redundancies shown dotted. In contrast to plain bracing 
in which all members take compression at some time or other, 
redundant bracing systems always have tension members whichever 
way the load is applied. This must never be overlooked when 
designing redundant frames as great economies in material can 
usually be made. 

Before attempting any graphical analysis, all redundant mem- 
bers must be removed. This has been done in all the examples 
quoted and the structure analysed as a “‘just stiff’’ framework. 
At this point re-inserting the redundant members (which take some 
of the load and become stressed) reduces the loads so that the 
actual loads are less than these measured. The precise calculation 
of the proportion of the load taken by the extra struts and ties is 
complex and only a brief description is given here. (See reference 
12 for details of various methods). It must be realized, however, 
that where there are a large number of redundancies as in the case 
of the tower—Fig. 21, for instance, the working takes a great deal 
of time and the result is little different from a simple division of 
the member loads. In some simple frameworks, however, simply 
dividing the load between the redundant and non-redundant parts 
does not give an accurate result, and in any case the accurate 
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method would not be so complex. The procedure is briefly as 
follows :— 


(1) Remove all redundancies. The remaining structure is 
such that it is just rigid and a stress diagram can be drawn 
from it. The choice of which members are redundant is 
in most cases immaterial as long as the remainder is not 
‘deficient. If a stress diagram can be drawn it is neither 
deficient nor redundant. 


(2) Each of the original redundant members is replaced by 
two equal and opposite loads acting at its extremities. 
Call these R,, R,.... ete. 


(3) Make a stress diagram for the remaining structure with 
its external loading, and one for each of the imaginary 
loads R;, R,, etc., without the external loads, the R’s being 
taken as unit loads. 


PL ° 
4) F h ber of th it ay 
(4) For each member of the unit compute AE @ AE b, 


L 
AE c, where L is the length and A the cross sectional 
area of the member, P the load due to the external loading 
combined with those due to R, +R, +Rg, etc., and a is the 
member load due to R 


ratio ———_—_______—"—_—"! is the ratio 
R, 


member load due to R, 
R, 

andsoon. Each expression is summed for all the members 
and each sum put equal to zero. On solving the simul- 
taneous equations so formed, R,, R,, etc., may be found, 
and by factoring the stress diagrams for these values the 
whole of the member loads throughout the frame may be 
found. 


The work must be tabulated for best results. (See Ref. 12). 


GUYED MASTS. —~ 
Structural Principles. 7 


In contrast to the free standing mast in which the overturning 
moment due to wind and aerial tension loads is carried to the bottom 
of the structure and transferred to the ground by tension and 
compression in the leg members, the guyed or stayed mast is directly 
supported by means of the stay wires as far as the transverse loads 
are concerned, but the stays, due to their tension, exert a vertical 
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force on the mast. The guyed mast, therefore, has negligible 
bending moment at the base (in fact the base is often pin jointed), 
but a high vertical compression. 

The mast itself‘is usually a latticed braced member of narrow 
triangular cross section which is of constant width, in this case 
three stays being used at each level at which stays are attached. 
This is for convenience only, four stays being equally usable, but 
naturally less efficient from the point of view of material usage. 

The construction of the mast itself lends itself admirably to 
welding and the mast may be shop fabricated in sections in the form 
of lattice tubular or angle units in lengths of 20 to 40 ft. needing 
the minimum of bolting on site. 

Under wind load the mast acts as a continuous beam between 
stay attachment points at which the reactions occur, so that the 
stress distribution in the mast and the compression loads therein, 
when the stay tensions are known, are easily calculated. 

Before describing the method of calculating the stay tensions 
it is necessary to explain fully the functions of the stays under 
various loading conditions. The stays are normally set at angles 
of between 30° and 50° with the ground and may be of high tensile 
steel cable suitably protected against corrosion ‘by an aluminium 
or zinc coating. Stays are very inefficient at angles exceeding 
ae and most masts in service have stays at much more shallow 
angles. . 
The number of stays varies greatly in masts already built. 
Masts of 800 ft. with only four sets of stays are in use, but in this 
country the general practice is to use up to six sets for masts of 
500 ft., the three bottom sets having common anchorage points 
set on lines mutually at 120° radiating from the mast base, and 
three further bases about 300 ft. out and common to the three top 
sets of stays. 

Continental practice, however, favours fewer stays and a 
stouter mast section. One radio mast is over 1000 ft. in height 
and has a maximum section of 24 ft. square, but only one set of 
stays of 2} inches diameter high tensile cable. (See Fig. 10 for a 
diagram of a similar mast). 

__It is seen from this that the selection of stay positions is not 
rigidly determined in the structural design but is the result of many 
factors. Cost of mast, local conditions, ground area available, 
and the electrical characteristics of the mast itself (where this is © 
used to carry electrical currents as in some cases where used for 
broadcasting) are some of the main considerations. 


Safety Factors. 


_ The normal working loads in the members of the mast structure 
will not normally exceed about a third of the crippling load, if the 
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design is correct, but all components of the load including local 
bending, etc., must be taken into account. In some instances 
higher factors may be specified, or a load factor based upon ultimate 
loads rather than normal working loads. The stay wires are 
subject to much higher factors, the normal safe working load on 
high tensile stranded cable being usually one fifth or one sixth of 
the breaking load, depending upon type. 


Stay Tensions. 


In small masts, the tensions in the stays produced by wind on 
the mast may be easily calculated by resolving the mast wind 
reaction at the stay attachment points. By adding the initial 
tension required to make the stays taut under no wind conditions, 
and resolving in the vertical and horizontal directions, the load 
on the mast and drag and uplift on foundations are easily deter- 
mined. In the case of very high masts, however, the method of 
determining stresses is more protracted. 

This is because the stays cannot be considered as taut cables, 
even with high initial tensions, and they sag under their own 
weight and the wind load. The greater the wind and dead load 
and the less the tension, the greater the sag will be. The cable 
also undergoes elastic extension under this tension and both the 
lengthening due to this and the shortening due to sag must be taken 
into consideration. 

The initial tension in the stays, that is, the tension under zero 
wind load, determines (in any given mast) the maximum deflection 
under full load. 

This initial tension or pre-tension is always used and the higher 
it is the less will be the movement of the mast top under ultimate 
wind load. 

Because of the usual form of pin jointed base, the allowable 
deflections on guyed masts are small, although any effort to decrease 
them unduly by increase of stay pre-tension results in a heavier 
stay cable and a high vertical loading in the mast, which is not 
always permissible from a structural point of view. 


Wind Load. 


The design wind loads will in most cases be determined by 
local conditions. Normal European ultimate design loads may 
be taken as given in Table I (Appendix 5). These are ultimate 
loads and if the design is based upon safe stresses in lieu of ultimate 
stresses, half the given wind loads may generally be taken. 

The loads are calculated for one face and the other faces are 
taken account of by using a multiplying factor which may vary 
from 1-4 to 1-8, depending upon the shape and solidity of the mast. 


DESIGN OF TOWERS, MASTS AND PYLONS 31 


For circular sections such as stay cables a factor of 0-6 may be 
used (but 0-7 for circular mast sections where latticed). 

In practice, the wind load at each stay attachment point is 
estimated and, assuming full wind load, the leeward stay tension 
is given an assumed valué. From this, the expected tension on 
the windward side is calculated, and a deflection calculation is 
made. If this calculated deflection is different from the maximum 
allowable deflection of the mast, the difference is adjusted by 
taking a new leeward stay tension which shortens or lengthens the 
stay chord by an amount corresponding to this difference, and the 
windward stay tension is re-calculated. (For an equivalent 
graphical method see Reference 5). 


Changes in Stay Length. 


Suppose a stay wire is spanning between the ground A and the 
attachment point B (Fig. 10). AB = L ft, and the actual length 
of the strained cable measured along the curve is J ft. Suppose 
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a sag d ft. is produced by a tension of T lb. The loads due to the 
wind on the cable and the weight of the cable itself are combined, 
with full consideration to the different dir 


ections of the loads. 
(See Fig. 12 and Appendix 7). The resultant is now resolved into 


components along and normal to the cable. The former is ignored. 
Let the latter be denoted by w lb. per ft. run. 
By taking moments about O (Fig. 11) 


wl 


= Td 


8 


Fig. 10. 
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wi? 
1 
8T (1) 
As the sag is small, the curve followed by the cable may be 
considered as parabolic, for which curve the length minus chord 
can be shown to be :— 


or sag d = 


2 
1-L 8d 
31 
Substituting for @ from (1) above 
ws w*Ls L? /w\- 
L-L = —eear. Sara (aes 
pats ~ Meaty) oats OT 94 (7) 


The plot of /-L against w/T is shown in Fig. 9 for various values 
of L. 


The elastic extension of a cable of cross section a sq. in. = ¢ ft. 


IT LT : : : 
Ea (nearly) — E is Young’s modulus and is taken 
as 30x 10° Ib/sq. in. for convenience and clearness. This should 
be carefully checked in individual cases as stranded wires have 
different elastic properties from solid sections (see Reference 10). 
For instance, if E refers to the material of the cable, then a is the 
nett area of the wires. In practice, however, it is essential to take 
a as the gross area of the cable as stranded in which case E is to be 
the apparent modulus. 


w per ft. 
d y Y Y 


~ 
~ 


\f £- unstrained lencth of cable 
L- f+e-Siky - +s 
Where € - elastic Extension 
e- gal =S =Total lencth change. 


Fig. 11. 
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Referring again to Fig. 11, the properties of a sagging cable 
may be determined as follows :— ke eo 

The geometrical difference in length between the chord L and 
the strained length / of the cable 7 ~L is denoted by D. 


2y3 

The difference wd a _ 

24T? 

and S is the difference between the length of the cable itself and 

the length of the chord of the stay wire curve when loaded with 
tension T and transverse load w per ft. 


As the stay wires are originally the same length and height, 
by calculating S for the leeward and windward stays, the difference 
Is equal to the change in stay lengths as calculated from the deflec- 
tion of the mast. An example will make this clear. 


Four guyed mast 200 ft. high ; 4,000 Ib. at top normal to mast. 
Guy angle 63°, wind 30 Ib./sq. ft. Stay characteristics may be 
taken from the following table :— 


= e-D, may be denoted by S, 


| ts es, See Pe ee oot 
, Stay Dia. la sq. in. | Ib. load ! wt./ft. Wind area/ft. | Stretch/1,000 Ib./1,000 ft. 
| —___—$_—_ Ne ee 


0-475 | 0-196 | 7,900 | 0-43 0-039 ~—s! 0-17 
0-625 | 0-307 | 10,350 | 0-73 0-052 | 0-10 
0-93 0-060 | 0-09 


0-70 | 0-380 j 42828 


L = 228 ft. (200/sin 63°). 


: : : 4,000 
Difference in stay tension = = 8,800 lb. 
cos 63 
Assume deflection at top to be 4% or 12 in. 
Shortening of leeward stay = lengthening of windward stay 
= ae = 2-75 in. = 0-23 ft. 


Total change of stay length under load = 0-46 ft. 
As the minimum stay tension will lie between 8,000 Ib. and 
11,000 Ib., a 0-625 cable will probably be required. 


Component of wind normal to stay = 30x0-052 sin 63° x 0-7 
= 0-97 Ib./ft. 
Component of stay weight normal to stay 
= 0-73 cos 63° = 0-33 lb./ft. 


w (no wind) = w, = 0°33 Ib. 
w (leeward stay) = w, = 0:33-0:97 = -0-64 lb. 
w (windward stay) = w, = 0:33+0-97 = 1-30 lb. 
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As a first approximation take leeward stay tension T, as 1000 lb. 
Then T, (windward stay) = 1,000+8,800 = 9,800 lb. 


Windward Stay. 


w°L8 1-32 x 2283 
——— = ——— = 0-0087 ft. 
24T,? 24 x 98002 00 
e = O01 x 228 x 98 = 0-223 ft. (0:1 from table) 
1000 
Si: = 0-223-0-0087 = 0-214 ft. 
Leeward Stay. 
Tg 0:642 x 2288 
= i = 02 . 
24T,? 24 x 10002 0-203 it 
e = O01 x 228 x 1 = 00228 ft. 
1000 
S. = 0-0228-0-203 = -0-18 ft. 


Total change in length = 0-214 ~ (-0-18) = 0-394 ft. 
This is less than the 0-46 ft. allowed, so a reduced value of T, 
is taken for a second approximation. The difference is 0-46 — 0-394 


= 0:066 ft. 
Leeward Stay. 
wp"L* 
OAT? = 0-:203+0-:066 = 0-27 it. 
from which T, = 870 lb. 
and e = 0-02 ft. by re-calculation. 
and S, = 0:02-0:27 = -0-25 ft. 


Windward Stay. 
T, now equals 870 +8800 = 9670 lb. 


. 2L3 
By calculation of the expression OAT, 


for T, instead of 9,800, the value 0-009 ft. is obtained for J -L. 
e now becomes 0-22 instead of 0-223 
and S, = 0:22-0-009 = 0-211 
S:-S,. = 0-461 ft. 


This second approximation is correct, and it is now only 
necessary to calculate the pretension T. When the wind load is 


using the value 9,670 
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removed and the mast brought upright the leeward stay lengthens 
0-46 
by “Sgr = 0-23 ft. 


So S (leeward stay) = -0-25+0-23 = —0-02 ft. 
w,2L3 
ary: ee -0:02 ft. 
Putting T in thousands of Ibs. 
228 0-332 x 2-283 
oT * F000 - 2a mae 
T = 1,110 tb. 


Masts with Multiple Stays. 


The stay wires are generally placed at equal distances up the 
mast and each set of stays in the same vertical plane. 

The maximum angle of the highest stay with the ground should 
not much exceed 60° as they become very inefficient at higher 
angles. 

In the final design, that is, when the precise Stay tensions and 
pre-tensions are determined, it may be necessary to consider two 
cases with the wind in two different directions. However, the 
worst case occurs when the wind is parallel to one of the planes of 
the stays and blowing mid-way between the other two planes. 
The problem only occurs with three guy masts, four guy masts 
being equally resistant in all directions. 

In three guy masts the wind load on any stay must be resolved 
parallel and normal to the plane of the stay and the former com- 
ponent only combined with the weight of the cable (stay) and the 
combination added vectorially to the normal component to find 
the effective value of w, the total load on the stay cable (Appendix 7). 


Example. 


Three stay masts 390 ft. high. Stays mutually inclined at 
120° on plan and fixed to the mast at attachment points at 130 ft,. 
260 ft. top levels. Deflection of mast at top not to exceed 20 in. 
either way. 

The load is one of wind only, and on the top section of the mast, 
a wind load of 90 Ib. per sq. ft. is taken. This is an ultimate load, 
and the mast (as usual practice for guyed masts) is to be designed 
for ultimate loads. 

In order to find the wind loads on the masts and stays a pre- 
liminary design is necessary, based upon past experience with such 
structures, a suitable wind load being assumed, and by simple 
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resolution of the stay loads down and normal to the mast, it Is a 
simple matter to find the compression in the mast done to the 
assumed wind loads. 

A preliminary design of members can then be made, and in the 
present example, a triangular cross-section 1s chosen of 3 ft. 6 in. 
side with 3 in. leg members, and 14 in. bracing members, the design 
conditions being those prevailing in the heavily loaded base section. 

The projected area for windage assuming bracing at 45° is just 
under 0-75 sq. ft. per foot of height for one face, and I in. dia. stays 
are indicated from the preliminary loading. 

Wind load on stays (at 70 lb./sq. ft. basic load) 

= 700-085 x 0-7 x400x3 = 4850 lb. 
Reaction at top of mast = 2425 Ib. 
The preliminary design is shown in Fig. 12. 

The total reaction at each stay attachment point is the sum of 
the stay wind reaction and the point reaction due to the distribu- 
tion of wind load on the mast itself. The latter may be obtained 
by considering the mast as a continuous beam supported at the 
stay attachment points. 

Considering the top 130 ft. first, the ultimate wind load is :— 
90 x 130 x 0-75 = 8,775 lb. on one face as the mast is triangular, 
multiply this single face load by 1-4 to give the total load. This 
is, therefore, 12,300 lb. 

The wind loads on the mid and bottom sections are calculated 
in the same way as 9,600 lb. and 7,520 Ib. respectively. 

The mast is pin jointed at A and continuous at B and C and 
working from the loads on each span, the moments and reactions 
at the stay attachment points may be found by moment distribution 
(see Appendix 8). These reactions, plus one half the average wind 
loads on the stays themselves at each point, give the total horizontal 
load to be sustained by the stays at each point. 


Station A | B | C | D | | 
| Load | 7,600 | 9,600 | 12,300 | wb. | 
| Bending Moment 0 104,000 | 160,000 0 | loyét. 

Reaction 3,040 7,950 | 13,560 | 4,950 | Ib. | 
| Wind Reaction - | 
| At Tops of Stays = 686 1,486 ' 2,424 | Ib. | 
| Horizontal Stay | 
| Load (total) = 8,636 15,046 | 7,374 | Ib. | 


The table now gives the conditions calculated as above. It 
must be remembered that the method of distributing the moments 
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in the mast assumes that the mast remains straight when deflected. 
If, due to badly adjusted stays this is not so in practice, then the 
moments are likely to be much higher and the specified safety 
factor for mast design should take account of this. 


Calculation of Full Tensions in Top Stays. 
Weight of stay per foot 1-86 Ib. 


Wind load per foot = 4-20 Ib. (at 70 Ib./sq. ft.). 


To determine w,, w, ws, the wind load is resolved into com- 
ponents normal to and in the plane of the stay. (See Appendix 7). 


N 


0 
Mast 


STIL INLLLLT re 


BenvdING Moment in 


Fig. 12. 
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Referring to Fig. 12, the wind direction shown makes 6 the 
leeward stay, so :— 
For stay 6 (leeward), w, = 1-86 cos 63 —4-2 sin 63 = —2-90 Ib. 
For stays @ or ¢ (windward), w, 
= (186 cos 63442 sin 63 cos OO)? + (42 sin GO) 
= 4-5 lb. 
w (no wind) = 1-86xcos 63 = 0-85 Ib. 


Elastic extension of stay per 1,000 'b. load = 0-04 ft. on the 
stay length of 438 ft. 


The total sway at the top = 60 in. = 30 in. deflection. 
Allowable shortening of leeward stay b =30 cos 63 = 13-68 in. 


(1-14 ft.). 
Allowable lengthening of windward stay a, c=30 cos 60 
cos 63 in. 
=0:681 ft. 
Total = 1-:14+0-681 = 1°821 ft. 
Diff in stay tensi ired clk (from table) 
ifference in stay tensions require cos 63 e 


= 16,200 lb. 


In this case it is to be noted that stays a and c, being at 120°, 
are considered as equivalent to one stay diametrically opposite 8. 


Choose T,; = 4,000 lb. So T, = 4,000+16,200 = 20,200 lb. 
Leeward stay w, = -29lb. e = 4 x 0-04 = 0-16 ft. 


ak 2:45. S$ D 2:29 
Q4T,2 : CS ae ‘ 
Windward stay w, = 4:5. e = 20.2 x 0:04 = 0-808 ft. 
w,218 
= = 0-174. = ¢-D = 0°634. 
D 24T 2 0-174. S, e-D 3 


S.-S, = 0:6344+2:29 = +2°924. 
We require 1-821 ft. (=total change of stay length under load). 
Difference is 1-103 (so recalculate leeward stay for D 
= 2-45-1-103 = 1-347). 
So T, = 5,400 Ib. TT, becomes 21,600. ~ 
Leeward stay E = 0-216. D = 1:347. e-D = S,= -1:131. 
Windward stay E = 0-864. D = 0-152. e-D = S,=0°712. 
S.-S, = 0°712+1-131 = 1.843 ft. 
This is close enough to 1-821 and gives a deflection of 20} in. 
The tensions are therefore 5,400 and 21,600 Ib. 
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The total change in stay lengths (windward and leeward) is 
1-843 instead of 1-821, so that under no wind conditions, that is 
when the mast is brought upright the leeward stay chord increases 


1-843 
by 1:14 x oT ee 1-154 ft. Similarly stays a and ¢ chords 
1-843 
h by 0-681 = 0-69 ft. 
shorten by x 1-821 9 ft 
S (no wind) = $,+1:154 = 1:154-1-131. 
or S,-0-69 = 0:712-0-69. 


That is S = 0-023 ft. 
T is the no wind or pre-tension in Jb. 


lies es en OE ate eae 
= To00 = “gaye Where w is given the 
no wind value of 0-85 Ib./ft. 
E-D =S. 
“R52 
0-04T - ee = 0-023 (where T is in thousands 
eZ of Ibs.) 


T = 4-2 or 4,200 lb. 

In most cases T will lie between T, and T, unless the ultimate 
wind load is very high. It is also necessary to work out a similar 
calculation for the wind in the opposite direction, b becoming the 
leeward stay and a and c the windward stays. The resolved 
forces and loads are calculated from formulas 6 and 7 (Appendix 7) 
and again the tensions T,, T, and T are found and the worst case 
is taken. The other stay sets are dealt with in the same way. 


The Mast. 


As a typical example, a mast for a three stay unit with the 
loading shown in Fig. 12a is taken. This loading is made up of 
the bending on the mast due to wind (bending load) and the vertical 
component of the stay tensions, to which has been added the 
estimated weight of the mast (vertical compression load). 

Denote by S the distance on plan between the centroids of the 
main leg members. 

Then I,, = I,, = $ AS? where A = area of leg member. 

Try S = 3 ft. 6 in. and A = 2-75 in. 
2-75 x 422 


Tr = a = 2,425 in. 


Zj = - SoZ, = = = 115 in} 
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Ivy s.. 3 
Zrx = “94.95 7 100 
; ‘ 2425 : 
= f tion = J ———_ = 1485 in. 
r radius of gyration 575 x4 in 
l _ 122 x 0-85 x 12 — 84. 


r 14-85 
By Johnson's formula. 

Crippling stress = Ie 15 (1 -—0-000051 x 84?) 
8-95 tons/sq. in. 


N 


f, Bending stress in mast sane = 7,920 lbs./sq. in. 
‘ §8,000 
c C ressive ,, 5, ” Si a ae = 8,2 . . i . 
f; Comp eer 50 Ibs./sq. in 
f fe _ 8250 7920 


+ ee ene + _ Ss ae ° ry i i 
Ft F, 8095x2240 * jsxo240 ~ 98 Eeeegiega 


Stay Renct: RW. STAY LOAD [W Mast wt. [Posmay] 


Fig. 12 (a). 
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The max. compressive load in one leg = 16,170 lb. = 7:22 tons. 


max. unsupported leg length = 4’ 0” (from tables). 
The maximum shear is 15,200 Ib. and the whole of this load in 
a triangular mast is taken on one face. 


So that load in horizontal brace = 15,200 Jb. 
Load in diagonal (tension member) = 1/2 x 15,200 lb. 
= 21.500 lb, 
It should be noticed for mast latticed sections, triangular or 
square, the moment of inertia is the same about both axes. The 
modulus of section, however, varies and when assessing stresses. 
due to bending moments, the correct value must be taken. 


Notes on Detailing (All Types of Towers). 


The whole of one side face of the tower is treate 
frame, so that if the leg slopes are small the frame is dae oa 
as shown on the elevation by making a large scale detail or cal- 
culating the lengths of the members. In any case large details. 
of the joints will be required to determine any end corrections due. 
to rivet or bolt connections. 

oe in the ete are only the joints in the main legs 

are taken care o utilising special fish plates i i : 

ee of holes is drilled earth awed 4 aren woe 

With tubular main legs, flange plates are used, and in this case 
the top flange of a joint is set at the correct cant in the front face 
and the mating flange in the side face, so that multiple angles are 
avoided. The flanges are notched or otherwise marked for 
identification of the direction of slope. 


It is necessary to make geometrical developments of such, 
details as :— 

(1) Cross arms triangular on plan. 
(2) Hip bracing. 
(3) Triangular top sections. 

The developments will give the lengths of the members but 
joints should receive special attention either on the board or in the 
shop, as awkward angles are involved in many cases. 

It is important that suitable packing pieces of the correct 
thickness are used at points where bracing members cross. This 
is to ensure that all struts are co-planar and are not pulled into 
position during erection, as any residual lack of straightness 
obviously invalidates design based upon crippling load formulae. 
The first diagram of Fig. 8 illustrates this, the remaining diagram 
being of a low-level leg joint where bracing members attach to a 
large angle leg section, and a typical welded joint for flange con- 
nected members as used in tubular construction. With this type 
of construction much larger members may be used for the same 
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economy of material, and the bracing members may, if the design 
permits, be much more widely spaced. With smaller tubular 
towers, an alternative joint consists of welding a gusset plate on 
the side of the tube leg, and insert plates into the ends of the 
bracing tubes thus giving a standard flat plate joint with bolts in 
single shear. 


Foundations. 


Tower foundation may be required to take vertical loads, both 
down and uplift together, or one or other of these separately, and 
in addition, side loads. 

For example the mast foundation of a guyed mast takes vertical 
down loads only and no uplift whilst the stay anchorages take 
uplift and side force only. 

The foundation blocks of fixed base self-supporting towers 
take both downward and, to a lesser extent, upward loads alter- 
nately. 

In the latter case the foundation may be of concrete, or, in the 
case of transmission line towers up to about 150 ft. in height an 
extension leg and steel plate or grid is used if the ground is not 
dry and sandy in nature. In this case the weight of the soil above 
the plate balances the upthrust and it is permissible to base the 
design on a weight of earth in the shape of a frustum of a pyramid 
the sides of which make an angle of between 50° and 60° with the 
horizontal. In the case of a concrete block foundation, the up- 
thrust is balanced by the weight of the block. The upthrust 
used for design of the foundation is usually twice the vertical 
reaction due to the normal minimum loading, which, of course, 
also applies to the downward loading. The figures given above, 
however, are generally specified by the client. (See also B.S.S. 
449 of 1948, p. 32, Ref. No. 3). 

In some cases a single concrete block is used for the four feet 
of the structure (raft foundation). This is impracticable in all 
cases except where a narrow base is used, and although it has been 
used on large towers where special conditions prevail, such as the 
possibility of earthquake shocks, the use of araft is very uneconomical 
in such cases. It may be used on very small bases to advantage 
as it prevents the excessive stresses set up in the structure as a 
te of uneven settlement of the feet where separate blocks are 
used. - 


Example. 
Separate foundations. 
Tensile load (normal) 


Compressive load (normal) 
Safe bearing on ground 


26 tons 
50 tons 
2 ton/sq. ft. 


ll 


l] 
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(1) Concrete block. 
Base area = 50/2 = 25-0 sq. ft. 


2 x 26 x 2240 


Vol f ter 2 ee ee : 
olume of concrete 150 77°7 + c.ft. 
777 
Depth = — = 3} ‘ 
Pp 250 3°15 ft 


(2) Plate. (See Figs. 14 and 15). 
Base area = 25 sq. ft. as above. 
Let d@ = depth of plate below ground. 
Then weight of earth above (60° angle). 


2 
W = Bl el as = d@+0-201d?+0-01d3 tons. 


2240 
d is therefore given by 
2x26 = 0:201d?+0-01d3 +4. 
a@ = 115 ft. 


Bases Subject to Horizontal and Vertical Loads. 


An example in the stay anchorage block of a guyed mast (Fig. 13). 
The inclined upward load due to stay tension when resolved into 
its vertical and horizontal components gives rise to a wholly vertical 
force balanced by the weight of the block and a heavy side load 


Zp 


*. 
tvAVi, 


= 
eye 
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balanced by direct pressure of the ground on the end of the block 
and friction forces at bottom and sides. The latter can generally 
be ignored, as, owing to the preponderance of the vertical force, 
weight considerations alone will necessitate the size of the block 
being large enough to enable all horizontal loads to be taken on 
the end face. 

The block should be so designed that the line of action of the 
horizontal resistance, which may be below the centre line due to 
ground resistance increasing with depth, and the line of the stay 
tension meet at a point immediately below the centre of gravity 
of the block. 

The deeper the block can be set, the greater will be its resistance 
both to horizontal and vertical movement so that a smaller block 
may be used at greater depths. 


Raft Foundations. 


In the simplest case (Fig. 132) the earth pressure under the 
base may be considered to be made up of two parts. An even 
pressure equal to w/d* where w = weight of block plus tower and 
vertical loads, and a pressure varying from —f at one side to +/ 
at the other side due to the overturning moment M. 


“ay 


—————— 


Fig. 13 (a).—Conservative design distribution of load for maximum 
overturning. 
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For any base f as defined 


—_— 


3 
and for a square base Z z 


For optimum conditions, that is where the tensile stress due 
to M is just balanced by the direct pressure due to W. 


W M 6M 
Then 72 = Zz = 72 
6M 
or W = 


W can, of course, exceed this value but must not be less if the 
whole of the base of the block bears on the earth. 


Fig. 13 (b).—Worst allowable condition of load distribution. 


Practical 
designs should lie between these two cases. 
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To find the bearing pressure at the worst point on the base add 


fib _ 
Example. 
W = 60 tons. M = 170 tons ft. 

6M 

W> TT 

1020 

60 > a 

or d@ > a = 17 ft. 


Fig. 14. 
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Taking the minimum size, the maximum bearing pressure is 
a ee pee 
(173/6) 172 

= 0-42 tons /sq. ft. 

Another method is illustrated in Fig. 130, in which it is assumed 
that no tension or compression exists in the left hand part of the 
base. 

It is necessary, however, to find the optimum value of the 
fraction » to give the maximum resistance to an overturning 


moment for a given value of maximum ground bearing load. 
Put this load equal to unity. 


given by adding 


The upward thrust per ft. of width = 8 
and the lever arm = — - ates 
2 3 
So M (per ft. of width) = 7 (S “= ) 
nd? n*d? 
BS ge ae 
aM a? 2nd? 
“an = 4 :s«SG 
. aM 
for M to be a maximum “tee = 0 
ad? 2nd? 
4 6. 
3 
® 


‘So that if f is the maximum bearing pressure on soil, the upward 
load is 3 fd? tons, and the lever arm of this soil reaction is d/4. 


Taking the previous example 
W = 60 tons. M = 170 tons. 


4fxBxdxd = 6 (1) 
60 = 4/4 = 170 (2) | 
from which 
a@ = 1153 ft. 


f = 1-25 tons/sq. ft. 
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If, in addition, a side thrust exists on the foundation, as is 
normally the case, due to torsion and other side loads, the side 
bearing pressure must also be considered. Normally, it is possible 
to take the side bearing pressure on the soil as about 25% of the 
vertical bearing load intensity f. The determination of bearing 
loads in practical cases, falls within the realm of the new science 
of soil mechanics, and for further information the reader may 
consult one of the standard practical treatises on the subject. 


ba 


. Rance or TAC 
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\ 


Rance oF Laan 
FOR WIDE BASE 
“TOWERS 
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| 
{ 
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Fig. 15. 
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APPENDIX 1. 


Torsion on Lattice Towers. 


A tapered tower of height to apex and base width ay has a 
force P applied at level (y—z) and at a distance x from the centre 
(Fig. 16). 

The load P may be replaced by a horizontal load on each face 


Px ; ; Px faa) 
——, that is, a total torsion of 4 x ——— : 

2 (az) fe ne OE Ais ee 

.. (42) ee . 

the lever arm is 2° This expression is equal to Px and so is 


equivalent to the torsion. In order completely to balance the 
load P two further loads are to be applied to the side faces equal 


P 
to — h. 
o 5 eac 


In the same way by considering the torsion reaction at the base 


of the tower, the equivalent torsion load on each face is a 
ay 


since the base width is (ay) and the lever arm increased to) 
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Returning to the first expression and analysing the face by the 
method of sections :— 
Taking moments about apex. 
Px 1 


x zx 
2 (az) y 


Shear S at base 


Px 


2 (ay) 
which is equal to the base torsion load as 
calculated from the second expression. 


Direct analysis of a face with the equivalent torsion and direct 
loads as defined above therefore gives the correct bracing loads 
due to torsion, and the analysis may be carried out by calculation 
or stress diagram whether the tower is tapered or not. 


APPENDIX 2. 


Graphical Design. 


Fig. 17. Single Circuit Suspension Type. 


Vertical and side (wind) loads only. The loading condition 
may be defined as follows :— 


(1) Weight of wires with ice loading and wind load on wires 
and structure. 


(2) Broken wire condition centre wire. 
(3) Broken wire condition outer wire. 


In this type of structure the graphical analysis of case (1) can 
only be undertaken by first determining the reactions at YY. 
This is done by proportioning the vertical loads and taking moments 
about Y for the horizontal loads. The load diagram may then 
be drawn as shown on the left for the top section and a separate 
diagram on the right for the base section. The first one is self- 
closing and therefore self-checking ; the second must be checked 
by calculation of the base reactions by taking moments about one 
of the bases. Because the members in the top frame XX are 
sloping considerably the loads as scaled in this-section must be 
multiplied by cos @ where @ is the angle of slope with the vertical. 


Case (2) loads the horizontal plane frame XX which loads may 
be easily determined by calculation, and half the broken wire load 
is transferred to each side face and a stress diagram for the side 
face for unit load at the top, may be multipled by the value of the 
actual load to determine the member loads. 
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Fig. 17. 
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Borrots StcT. 


L.W. Base React - ab 
RM. » - wag 


Fig. 18. 
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Case (3) involves a fourth analysis of the horizontal frame XX, 
the loading being different from case (2), and a much larger reaction 
is now taken down the side face (owing to the narrow rectangular 
shape on plan, the whole torsion may be considered as coming on 
the side faces) and the unit diagram used in case (2) may be used 
again, with the much larger factor, to determine the member loads 
in this case. 


Fig. 18. High Voltage Single Circuit Type. 


Four cases to be considered, the fourth condition being a broken 
earth wire. 


The stress diagram for the dead + wind loading shown for the 
front face is given. 


Brace Loads. 


In this type of tower, some of the members may achieve their 
maximum loading in tension, and in tabulating both tension and 
compression loads must be recorded. Any member on the left 
of the tower face must also be paired with the corresponding 
members on the right and the worst case taken, 7.e., C-3 to E-14, 
and 16-17 to 15-18. 


The front face and side face loads are not, of course, inter- 
connected. 


Leg Loads. 


In this case side and front faces are additive, that is the worst 
compressive load in, say, F-22 (front) is added to the worst com- 
pressive load in the same member from the side face diagrams. 


APPENDIX 3. 


Graphical Design of Double Circuit Suspension Tower. 


Figs. 19 and 21 represent the basic line diagram for the loading 
systems, and the “‘stress’”’ diagrams for two double circuit trans- 
mission towers. Fig. 19, the full design diagrams for a simple 
type of suspension pylon for 110 Kv. 0-6 aluminium sheathed steel 
cable. 


Typical dimensions for a normal type would be as follows :-— 
50 ft. to bottom cross-arm, 62 ft. and 73 ft. to the top ones, and 
80 ft. to the extended top at which point the earth wire is carried. 
The type given is a short base tower which is often used for crossing 
hill spurs, and owing to its simplicity, the diagram may be easily 
followed. Most modern transmission lines are for 132, 220, 275 
384 Kv. or even higher voltages, and are correspondingly more 
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complicated structurally. All loads are related to unit vertical 
cross-arm load, and the other loads factored to correspond with 
this. For instance, the vertical load for 800 ft. spans with ice 
loading would be of the order of 10 cwt., or correspondingly less 
in areas where no ice loading need be considered. The specified 
wind loading also affects this figure. There is consequently some 
point in drawing up for unit loadings, the necessary correction 
being applied during tabulation of loads. 

Fig. 21 shows a larger type for 220 Kv. of overall height of 90 
to 100 ft. 

The first stage in graphical design is the numbering up for the 
load or stress diagram. Secondary bracing or support bracing 
(chain dotted) is ignored, and redundant members (dotted) cannot 
be analysed by graphic statics ; they will, however, reduce the load 
carried by the calculable members, and their correct proportion 
of the load determined at the tabulation stage, a usual method 
being merely to divide the load equally. 


Loading Conditions. 


(1) Fig. 19 (a). Weight of lines, plus wind load on lines and 
structure, the latter being added to the bottom cross-arm 
load. 


(2) Fig. 19 (b). Broken line condition plus vertical loads, 
but loads on top cross-arm reduced. The equivalent face 
load is determined for load T (parallel to line) and inserted 
as shown. 


(3) Fig. 19 (c). Broken earth wire at top of tower. 


Fig. 19 (d) shows the stress diagram for case (1). In this case 
the diagram may be completely drawn without determining any 
reactions, but it is not self-closing so that in order to check the 
accuracy of the work, it is necessary to calculate the base reactions. 
The side thrusts on the bases are not equal so that it is necessary 
to apply the method of sections to the base panel and legs in turn. 
The brace loads are equal and opposite. The leg loads are found 
by taking moments about the brace meeting point, and one half- 
of the vertical load is added to each leg in order to correct for 
vertical loading. The brace and leg loads are added vectorially 
to obtain the base reactions. These must be equal in magnitude 
and direction to the loads scaled by a-b and a-j. 


Case (2) involves finding the worst cross-arm at which a broken 
wire can occur. This may be different for different parts of the 
tower. The rule is quite simple. At any section, produce the 
legs to meet at a point. The cross-arm farthest from that point 
is the one giving greatest brace loads at that section when the line 
breaks at that cross-arm. Fig. 19 (e) is part of the stress diagram 
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for broken line at top plus normal loadings, however reduced vertical 
and side loads are specified (as a general rule) at the point of 
application of the torsion load, and the torsion equivalent load on 
each face is inserted in the diagram as g,-g, representing a horizontal 
load applied at the face at the bottom level of the top cross-arm. 
Fig. 19 (é). 


The third diagram is best drawn for unit load at the top and 
can, by using the appropriate factor be used for analysing the side 
face for case (2) and case (3). Fig. 19 (f). 


Brace loads are taken from d or e for the front face and for the 
side face e and /, the greater values being taken. Leg loads are 
taken from d and f and the values from the two diagrams must be 
added. 


Notes on Graphical Analysis. 


In order to ensure that a stress diagram of any plane frame is 
completed without errors or difficulties, it is important to carry 
out the work in stages and each stage completed before commencing 
the next. To this end the following notes may be found helpful :— 


(1) Since neither redundant nor deficient frames can be 
analysed by graphics, the frame should be examined to 
ensure that all redundant members are removed (2.e., that 
the form of bracing is of Z, K or N formation) and that 
the frame is completely formed of simple triangles and is 
therefore not deficient. 


(2) Number and letter the frame (numbers may be used in 
each triangle and letters between loads) so that any single 
member has a number or letter on either side and each load 
and reaction has a letter on either side. 


It is evident that the structure as a whole must be in equilibrium 
and the loads and reactions must themselves form a closed diagram. 
If this were not so, it would not be possible to ‘‘close”’ the final 
diagram accurately. One source of error may be eliminated by 
drafting the equilibrium diagram first and constructing the final 
diagram around it. Care should also be taken in working in one 
direction only around each structural joint in turn and numbering 
the points on the diagram as the work proceeds. 


It will be found in some cases (e.g., the designs of Figs. 19 and 21 
and the bottom sections of Figs. 17 and 18) that the diagram may 
be completed without first finding the base reactions as these come 
out in the diagram automatically. If there is any doubt, however, 
(and they will have to be calculated as a check) they should be 
inserted at the beginning. 


58 


DESIGN OF TOWERS, MASTS AND PYLONS 


Fig. 19 (b). 
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APPENDIX 4. 


Summary of Formulas. 
Determination of the buckling load of a strut. 
(a) Very long struts L/r > 250. 


wEI 
L2 


Euler formula: P = = Af, 


(b) Moderately long struts L/r between 100 and 250. 
1 ) 
Johnson formula: P = f,A 1-g es f 


(c) Perry-Robertson formula : 


Patol V [ees 


E = Young’s Modulus in tons/sq. in. 


I = Moment of Inertia of strut section (minimum) in ins.‘. 


A = Cross Section area of strut in ins.?. 
L = Effective length of strut in ins. = /Q. 
P = Ultimate strut load in tons (equivalent to buckling load). 
Y= J x = minimum radius of gyration of strut section. 
f, = Eulerian value of buckling stress tons/sq. in. 
fy = Minimum yield stress of material tons/sq. in. 
7 = 0-003 x Ljr. : 
g = A constant (0-000057 for mild steel). 
= Actual measured length of strut, ins. 
Q = Factor varying from 0-7 for fixed ends to 1-0 for pin 


ended strut. 
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Fig. 19 (d). 
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APPENDIX 5. 


Wind loads on towers. 


P = 00042 V? 


Where P = wind load in lb. per sq. ft. of flat projected 
surface. 
V = velocity of wind m.p.h. 


Maximum Ultimate Wind Load Table. 


| Height Above Ground, ft. | Wind V m.p.h. | Press lb./sq. ft. 


109 . 50 

119 | 60 
129 | 70 : 

138 | 80 

146 | 90 
154 | 100 
eg ne 
169 120 | 

176 130 

182 \ 140 

1000 9S 150 


When designing on safe loads and not ultimate loads, one half 
the above figures may be taken. 
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Fig. 19 (e). 
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Fig. 20. 
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APPENDIX 6. 


Design of Vierendeel or Open Frame Mast. (Fig. 20). 


This type of design is often more economical for comparatively 
small structures and light loading. There is no diagonal bracing, 
the shear load being taken on the main legs. There are consider- 
able bending moments at the joints and this design is therefore 
mainly used for welded masts. 

The mast shown in Fig. 20 is 120 ft. high, 5 ft. at the base and 
1 ft. at the top, square on plan. 

The bending moments at the joints will be calculated :— 
Meeting point of legs = 120 + 120/5 = 144 ft. above ground. 
Taking moments about this point and denoting by S the 
residual shear, that is, the shear force taken by the bracing, 
or total shear force less the total horizontal components of 
the tension and compression in the main leg members :— 


: 12 
Top Section :—4 x24 = S (144-x) or S = TER 


Bottom Section :—}x24+1x64 = S (144~-z) 
76 
144 -% 


There is an initial bending moment in each leg panel varying 
from M at the top to plus M at the bottom. 


or S = 


S 
Where M = — x panel height, or for each leg 


2 

S 

3 * panel height for a square mast. 

76 
Thus for bottom 10 ft. panel x=5 andS = 739 7 0-547 tons 
5:47 . 2 
and M = —— tons ft. = —_ = 8-2 tons in. 
76 ° 


2nd panel x = 15. S = M = 8-9 tons in. 


129° 

All these initial moments are plotted for one side of the face in 
Fig. 20 (a). They are all considered positive since by inspection 
of Fig. 20 (c), which shows the form of deflection, the leg moments 
at the joint are both anti-clockwise and are to be balanced by a 
moment (clockwise or negative) in the cross member. 
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These moments may be distributed by moment distribution. 
(See Reference 6). 

Assuming that the cross members have the same I value as the 
main leg members, the final distribution is shown in Fig. 20 (5) for 
the left half of the mast face. The right half is exactly similar. 


As a check on the moment distribution work, the sum of the 
moments at each joint must be zero, and the sum of the moments 
at the top and bottom of each panel must remain unchanged, 
although the moments themselves change. The reason for the 
first of these conditions is that the joint must be in equilibrium, 
and for the second that the sum of the moments in a leg panel is 
the total change in bending moment and this divided by the panel 


height is or the shear in the leg which in turn is determined 


solely by the loads on the mast. The B.M. diagram for a typical 
case is sketched in Fig. 20 (e) for two panels. 


If, instead of the cross members being of the same section as 
the legs, they are considered smaller, the final moments in the 
structure will be differently distributed, a greater variation appear- 
ing in the positive moments in the legs and the negative brace 
moments being reduced. 


The mast of Fig. 20 is not the most economical, as, by inspecting 
the moments calculated on the assumption of equal proportions, 
the cross members are over stressed. 


On recalculating for larger cross members the B.M. diagram 
will be more like Fig. 20 (d), a “‘shift” in the diagram for the main 
legs taking place and decreasing the maximum B.M. on the leg. 


If absolute structural efficiency is aimed at, the ultimate design 
can only be arrived at by trial and error, but much work should 
not be necessary in most cases. 


APPENDIX 7. 


Guyed Mast with three stays at 120° on plan. (See Fig. 12). 
Angle of stay with ground. 

Deflection at top of mast ft. 

= Average value of wind pressure on stay Ib./sq. ft. 
Projected area of stay cable sq. ft./ft. 

Dead weight of stay cable Ib./ft. 

Component of W normal to stay. 

w, = Total resolved load per ft. normal to leeward stay lb. 


l 


8g ®* yore 
ll 


at 
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Fig. 21 (a). 
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w, = Total resolved load per ft normal to windward stay lb. 
d = Alteration in length of stay corresponding to 8 ft. 
(1) d (stay 6) = & cos 0. 
5 cos 8 
2 


(2) d (stay @ orc) = 
(3) w = W cos @. 
(4) w, (stay b) = w-aP sin @. 
(5) w, (stays a or c) 

= V(w+aP sin 0 cos 60°)? + (aP cos 30°)? 

with wind in opposite direction. 
(6) w, (stay 6) = w + aP sin 0. 
(7) We (stays a or c) 
= Viw=aP sin 0 cos G0)? + (aP cos 307) 

(8) T, = leeward stay tension. 
(9) T, = windward stay tension. 


(10) T stay pre-tension. 


APPENDIX 8. 


(Moment Distribution in Long Narrow Mast). 


A Load Load Load D 
_ 7,600 Ib. "7800 | 9,600 Ib. | 12,300 Ib. 
FEMs mw 130 _ 2.300 Ib. ft. 
9600 x 130 _ 104,000 Ib. ft. 
12 
12300 x 130 


133,200 Ib. ft. 


ll 


12 
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Distribution factors—centre span 
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end spans = 3 


133-2 


™ +6:25 


=139°46 


— <e aw 


° +10412/+104% +160 


Having found the moments, the reactions are easily determined 
by taking moments about B and C working from A and D in turn. 


74 


12. 


13. 


DESIGN OF ‘TOWERS, MASTS AND PYLONS 


REFERENCES. 


“Radio Masts and Towers.’’ C. O. Boyse. Proc. Joint Eng. Conf., 
1951. Institution of Civil Engineers. 

Electrical and Allied Industries Research Association. Technica] 
Report No. F/T. 84 (1935). 

B.S.S. 449 (1948). British Standards Institution, 24-28 Victoria 
Street, S.W.1. 

“The Erection of Tall Towers.”” Eve and Brown. Structural Paper 
No. 11. Institution of Civil Engineers. 

“Notes on the Determination of Stresses in the Guys of Guy Supported 
Masts.”” H. Tooley. Proc. Inst. of Civil Engineers. Vol. 15, 
January, 1941. 

“Steel Designers’ Handbook.’’ Crosby Lockwood & Sons. 

“Electrical Engineers’ Handbook.’ (Chapter 13). McGraw Hill 
(Publishing) Co. 


American Bridge Co. Handbook. ‘Transmission Lines.” American 
Bridge Co. 

Molesworth. ‘Pocket Book of Engineering Formulae.” 34th edition. 
p. 1564. 


“Effective Modulus of Elasticity of Wire Ropes.” Report No. 63. 
British Shipbuilding Research Association, 5 Chesterfield Gardens, 
Curzon Street, London, W.1. 

“Materials and Structures.” Vol. II. E. H. Salmon. Longmans, 
Green & Co., Ltd. 

“The Analysis of Engineering Structures." Chapter 6. Pippard & 
Baker. Edward Arnold & Co. 

Roarke. ‘‘Formulas for Stress and Strain.” McGraw Hill Book Co. 


A.E.S.D. Printed Pamphlets and 


Other Publications in Stock. 


An up-to-date list of A-E.S.D. pamphlets in stock is obtainable 
on application to the Editor, The Draughisman, Onslow Hall, 
Little Green, Richmond, Surrey. 


Readers are asked to consult this list before ordering pamphlets 


published in previous sessions. 


mi as ed 


_ 


SOMNDA 


LIST OF A.E.S.D. DATA SHEETS. 


Safe Load on Machine-Cut Spur Gears. 
Deflection of Shafts and Beams. Cc. ted 
Deflection of Shafts and Beams (Instruction Sheet). Serres 
Steam Radiation Heating Chart. 
Horse-Power of Leather Belts, etc. 
Automobile Brakes (Axle Brakes). 
Automobile Brakes (Transmission Brakes). 
Capacities of Bucket Elevators. 
Valley Angle Chart for Hoppers and Chutes. 
Shafts up to 54 inch diameter, subjected to Twisting and Combined 
Bending and Twisting. 
Shafts, 53 to 26 inch diameter, subjected to Twisting and Combined 
Bending and Twisting. 
Ship Derrick Booms. 
Spiral Springs (Diameter of Round or Square Wire). 
Spiral Springs (Compression). 
Automobile Clutches (Cone Clutches). 
” 7) (Plate Clutches). 
Coil Friction for Belts, etc. 
Internal Expanding Brakes. Self-Balancing Brake 
} Connected 


} Connected. 


Shoes (Force Diagram). 

Internal Expanding Brakes. Angular Proportions 
for Self-Balancing. 

Referred Mean Pressure Cut-Off, etc. 

Particulars for Balata Belt Drives. 

§” Square Duralumin Tubes as Struts. 

1” 


a Square Steel Tubes as Struts (30 ton yield). 


” as i (30 ton yield). 
1” a” »” » (30 ton yield). 
2” rr) » a (40 ton yield). 
a a a a (40 ton yield). 
1” ” * » (40 ton yield). 
Moments of Inertia of Built-up Sections (Tables). 
Moments of Inertia of Built-up Sections (Instructions Connected. 


and Examples). 
Capacity and Speed Chart for Troughed Band Conveyors. 
Screw Propeller Design (Sheet 1, Diameter Chart). 
(Sheet 2, Pitch Chart). Connected. 
* ” je (Sheet 3, Notes & Examples). 
Open Coil Conical Springs. 
Close Coil Conical Springs. ; 
Trajectory Described by Belt Conveyors (Revised, 1949). 
Metric Equivalents. 
Useful Conversion Factors. 
Torsion of Non-Circular Shafts. 
Railway Vehicles on Curves. 
Coned Plate Development. 
Solution of Triangles (Sheet 1, Right Angles). 
Solution of Triangles (Sheet 2, Oblique Angles). 
Relation between Length, Linear Movement and Angular Movement 
of Lever (Diagram and Notes). 
- (Chart). 


ae os as 


Helix Angle and Efficiency of Screws and Worms. 
Approximate Radius of Gyration of Various Sections. 

Helical Spring Graphs (Round Wire). 

(Round Wire). Connected. 
(Square Wire). 
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Relative Value of Welds to Rivets. sich 


Graphs for Strength of Rectangular Flat Plates of Uniform Thickness. 

Graphs for Deflection of Rectangular Flat Plates of Uniform Thickness. 

Deflection of Leaf Spring. 

Strength of Leaf Spring. 

Chart Showing Relationship of Various Hardness Tests. 

Shaft Horse Power and Proportions of Worm Gear. 

Ring with Uniform Internal Load (Tangential Strain) Connected 

Ring with Uniform Internal Load (Tangential Stress) ; 

Hub Pressed on to Steel Shaft. (Maximum Tangential Stress at Bore 
of Hub). 

Hub Pressed on to Steel Shaft. (Radial Gripping Pressure between 
Hub and Shaft). 


Rotating Disc (Steel) Tangential Strain. Connected 
” ” ” Stress. y 
Ring with Uniform External Load, Tangential Strain. Connected 
” ” ” ” ” Stress. ; 

Viscosity Temperature Chart for Converting Commercial 
to Absolute Viscosities. Connected 


Journal Friction on Bearings. 

Ring Oil Bearings. 

Shearing and Bearing Values for High Tensile Structural Steel Shop 
Rivets, in accordance with B.S.S. No. 548/1934. 

Velocity of Flow in Pipes for a Given Delivery. Eannected: 

Delivery of Water in Pipes for a Given Head. i 

(See No. 105). 

Involute Toothed Gearing Chart. 

Variation of Suction Lift and Temperature for Centrifugal Pumps. 

Curve Relating Natural Frequency and Deflection. 

Vibration Transmissibility Curved or Elastic Suspension. 

Instructions and Examples in the Use of Data Sheets, 
Nos. 89 and 90. 

Pressure on Sides of Bunker. 


Connected. 


93-4-5-G-7. Rolled Steel Sections. 


98-99-100. Boiler Safety Valves. 


102. 
103. 
104. 
106. 


107. 
108. 
109. 
110. 
Lik: 
112. 
113. 
114. 


115. 
116. 


Pressure Required for Blanking and Piercing. 

Punch and Die Clearances for Blanking and Piercing. 

Nomograph for Valley Angles of Hoppers and Chutes. 

Compound Cylinder (Similar Material) Radial Pressure of Common 
Diameter (D1). 

True Angles for Pipe Bends. 

Development of Spiral Chutes. 

Vertical Pitch of Panels in a Frame with Bracing at a Constant Slope. 

Permissible Stresses in Cranes—B.S. 2573. Table 1—Values of A&B 
Tons/Sq. In. 

Permissible Stresses in Cranes—B.S. 2573. Table 2—Values of A & B 
Tons/Sq. In. 

Permissible Stresses in Cranes—B.S. 2573. Table 3—Compressive 
Stresses in Axially Loaded Struts. 

Permissible Stresses in Cranes—B.S. 2573. Table 4—Power Driven 
Rivets and Fit Bolts. 

Permissible Stresses in Cranes—B.S. 2573. Table 5—Power Driven 
Rivets and Fit Bolts. 

Rectangular Weld Groups with Eccentric Load in Plane of Weld. 

Pipe and Plate Bends. : 


(Data Sheets are 3d to Members, 6d to others, post free). 


Orders for Pamphlets and Data Sheets to be sent to the Editor, 
The Dvaughtsman, cheques and orders being crossed ‘A.E.S.D.” 


